I. INTRODUCTION
Point and extended defects as well as their complexes with dopants and residual impurities influence almost all physical properties of semiconductors. So, understanding the different types of defects and their interaction is crucial for mastering the properties of semiconductor materials and devices. This holds, in particular, for ZnO, which is a wide band-gap semiconductor having potential for a variety of next generation solid-state devices in the fields of optoelectronics, spintronics, quantum technology, and radiation sensors in harsh environments. [1] [2] [3] However, despite the outstanding intrinsic materials properties of ZnO, the doping asymmetry issue, where only n-type conductivity can be readily accomplished, limits the realization of homojunction bipolar ZnO devices. 4, 5 Nitrogen is perhaps one of the most promising candidates for p-type doping of ZnO and intensive studies of the effect of N on the ZnO conductivity have been undertaken during the past decade. [6] [7] [8] [9] [10] [11] However, the results obtained are quite contradictory. Among other doping techniques, ion implantation has been used to introduce N atoms in ZnO. 6, 7, [12] [13] [14] Moreover, it has been demonstrated that a co-doping strategy where N is introduced together with other elements, such as P or Zr, has a potential for realizing p-type ZnO. 15, 16 In the case of ion implantation, ballistically generated primary defects as well as their thermal evolution have to be taken into account. Recently, it was shown by ion channeling measurements that the defect evolution in N implanted ZnO exhibits anomalous reverse annealing, that is, post-implant thermal treatment leads to an increase of the defect concentration instead of the crystal recovery typically observed for most other implanted elements in ZnO. 17 This effect occurs exclusively for N ions and its mechanism is not yet well understood. It should be noted that ZnO belongs to the class of non-amorphizable materials and the origin of its high radiation resistance is still under debate. [18] [19] [20] Generally, the defect formation/evolution in ZnO is complex and hinges strongly on the implanted species. 17, [21] [22] [23] For instance, it has been shown that dopant-defect reactions dominate the damage formation in B implanted samples resulting in an enhanced concentration of defect clusters as compared to other ion species. 18 In contrast, for Zn or Ag ions, extended defects form readily already during implantation at room temperature (RT). 21 In addition, comparison of random and channeled implants of Ag revealed that on-axis implantation reduces only the concentration of uncorrelated defect structures, while extended defects display a weak dependence on the crystal/beam alignment. 24 In the present contribution, we utilize this effect to form a buried layer with a high density extended defects and study how these defects influence the thermal evolution of defects subsequently induced by N implantation at RT and 15 K. A pronounced interplay between the different defects is found, and especially, the N implant temperature has a drastic influence on the reverse defect annealing occurring above 700 C. Arguments are put forward for a model where a high local concentration of intrinsic point defects, like Zn interstitials, promotes the formation and stability of N-defect clusters responsible for the reverse annealing effect.
II. EXPERIMENTAL
Samples were cut from hydrothermally (HT) grown wurtzite (0001) ZnO single crystals purchased from Mineral Ltd. The samples were divided into two sets and co-implanted or singly implanted with Ag and N ions, respectively. Initial RT implantation with 500 keV Ag þ ions to a fluence of 5 Â 10 15 cm À2 was performed for the first set of samples to form a buried layer of extended defects. The beam of Ag ions was aligned along the [0001] direction. After the initial implantation, the samples were subjected to a second implantation at RT or 15 K with 80 keV N þ ions to a fluence of 1 Â 10 16 cm
À2
. The N implantations were carried out at 7 off the normal direction in order to reduce channeling. The second set of samples was used for control and was singly implanted with Ag or N ions at RT using the same parameters as for the first set. In the following, the co-implanted samples are labeled as co-N(RT) and co-N(15 K) for N implantations performed at RT and 15 K, respectively, while the N and Ag control samples are labeled as N-ref and Ag-ref, respectively. The implantation parameters and identification of the samples are summarized in Table I . After the implantations, the samples were subjected to isochronal (30 min) anneals in the temperature range of 500-1100 C in air ambient using a conventional tube furnace.
The structural quality of the implanted samples before and after the anneals was investigated by Rutherford backscattering spectrometry in channeling mode (RBS/C) with 1.6 MeV relative to the incident beam direction. Analysis of the acquired RBS/C spectra was performed using the DICADA code 25 to deduce an effective number of scattering centers in the Zn sublattice, referred to below as "relative disorder." Selected samples were also analyzed by secondary ion mass spectrometry (SIMS) and the concentration versus depth profiles of Ag and N were measured using a Cameca IMS 7f microanalyzer with primary beams of 10 keV O 2 þ and 15 keV Cs þ ions for the analysis of Ag and N, respectively. The intensityconcentration calibration was performed using as-implanted ZnO reference samples. Depth conversion of the recorded profiles was performed by measuring the sputtered crater depth using a Dektak 8 stylus profilometer and assuming a constant erosion rate.
III. RESULTS AND DISCUSSION
RBS/C spectra of a pre-damaged sample together with an unimplanted (virgin) one are shown in Fig. 1 . The Ag implanted spectrum displays no well defined damage peak and is characterized by a high dechanneling yield in the lowenergy tail. As shown previously in the literature, a RBS/C spectrum of this shape indicates the presence of a high concentration of extended defects such as dislocation loops and/ or stacking faults. 26, 27 The depth distributions of implanted N atoms and N-induced primary vacancies, as simulated by the SRIM code, 28 are depicted in Fig. 1 relative to the Zn depth scale. The N-induced defects are predominantly generated in the low damaged region between the sample surface and the pre-existing buried layer with maximum concentration of Ag-induced defects. The latter ones are primarily extended defects and known to affect the formation of Ninduced defects already during implantation. 30 Thus, an influence during post-implant annealing may also be anticipated and Fig. 2 shows RBS/C spectra of (a) co-N(15 K) and (b) co-N(RT) samples before and after annealing in the temperature range of 500-1100 C, as indicated in the legends. For both samples, a substantial improvement of the crystal quality occurs only at temperatures above 1000 C. However, the two sets of samples exhibit different behaviors in the temperature range of 650-900 C. Indeed, in the co-(15 K) samples, the anneals at these temperatures affect mainly the N-implanted region (100-200 nm), while in the co-(RT) samples annealing is observed also at large depths where the Ag-induced defects dominate [ Fig. 2(b) ].
In an attempt to elucidate the role of the implant temperature on the damage evolution in the co-implanted samples, disorder versus depth profiles were deduced using the DICADA code. 25 DICADA calculations were performed under the assumption of randomly displaced lattice atoms not taking into account correlated defect structures. This assumption leads to a slight overestimation of the disorder fraction in the damaged region and also artificial deep tails can occur if extended defects are present. 26 Therefore, in contrast to the near surface damage, deep tails in damage depth profiles obtained from the DICADA code may arise from extended defects, rather than true deep disorder. Figure  3 shows the relative disorder versus depth profiles in the coimplanted and singly implanted samples before (a) and after isochronal anneals at temperatures between 650 and 1000 C (b)-(f). Prior to annealing, the 15 K N implantation produces slightly more defects as compared to that performed at RT [ Fig. 3(a) ]. However, annealing at 650 C leads to some enhancement of the damage in all the N-implanted samples, while it remains almost unchanged in the Ag control sample [ Fig. 3(b) ]. Increasing the temperature up to 700 C gives rise to a strong increase of the disorder in the N control sample and in both the 15 K and RT co-implanted samples, i.e., so-called reverse annealing takes place. It can be noted that the disorder starts to decrease in the Ag control sample at this temperature followed by a further and gradual crystal recovery at higher temperatures.
For the anneals at 800 C and above, a substantial effect of the N implantation temperature is revealed, Figs. 3(d)-3(f) . After 800 C, a strong reduction of the disorder occurs in the co-N(RT) sample at depths where the implanted N atoms are located ( 0.25 lm). In contrast, the defect profile in the co-N(15 K) sample remains practically unchanged [see Fig.  3(d) ]. This difference becomes even more pronounced after 900 C where also the defects at even larger depths ( 0.4 lm) start to disappear in the co-N(RT) sample [ Fig. 3(e) ]. Despite that the 1000 C anneal leads to a considerable defect removal in all the samples, a substantial part of the disorder still persists [ Fig. 3(f) ] and temperatures higher than 1000 C are needed for a complete recovery of the crystal structure.
The defect evolution in the co-implanted and singly implanted samples is summarized in Fig. 4(a) showing the relative disorder, taken in the region where the N concentration is maximal, as a function of the annealing temperature. Irrespective of pre-existing disorder or not, all the N-implanted samples exhibit a strong reverse annealing at 700 C. However, the N implant temperature plays a dramatic role for the evolution at temperatures above 700 C. Indeed, in contrast to the N-ref and co-N(15 K) samples, displaying similar trends with a distinct reverse annealing stage at 700 C followed by almost no change up to 900 C, the co-N(RT) sample reveals gradual and substantial loss of disorder at and above 800 C. In order to further elucidate the observed behavior, we have subtracted the disorder depth profile deduced for the Nref sample from those of the co-implanted ones. These profiles Fig. 4(a) . However, after annealing in the range of 500-800 C, the co-implanted samples exhibit more disorder as compared to the sum of that in the two control samples. Thus, a pronounced interaction between the N-and Ag-induced defects is evident at moderate post-implant temperatures.
It should be underlined that the initial Ag implantation can induce a substantial concentration of extended defects also in the near surface region, despite a relatively low disorder level deduced from RBS/C spectra. Indeed, it has previously been shown that aligned Ag implantation causes a large amount of basal plane stacking faults (BPSF). 24 These defects give only a minor contribution to the direct backscattering yield of the analyzing He þ ions and are, therefore, not clearly distinguishable by standard channeling techniques. 20 It appears likely that the N-induced defects interact with these extended defects during annealing, enhancing the backscattering yield. Here, it should be emphasized that the exact mechanisms of the observed reverse annealing are not known (as mentioned above), except that the presence of N is a necessary condition. 17 Literature data on defect microstructures in N implanted ZnO samples are limited and somewhat contradictory. Perillat-Merceroz et al. 13 reported two distinct regions of enhanced density of BPSF located near the surface and one of prismatic loops in the end-ofrange region. According to the simulations by Turos et al., 20 BPSF lead to strain accumulation which may act as a driving force for defect migration and agglomeration of extended defects. In its turn, prismatic loops enhance dechanneling during RBS/C analysis and, therefore, increase backscattering yield beyond the implanted region. Annealing studies revealed that prismatic loops are less thermally stable as compared to BPSF and disappear already at 900 C together with a complete strain relaxation. 13 In contrast to Ref. 13, Myers et al. 6 reported an enhanced concentration of defect clusters for implants performed at 300 C, while N implantation at 460 C leads to the formation of extended defects and BPSF dominate. Further, our results show an increase of the concentration of extended defects causing dechanneling after anneals at 700-900 C and a large fraction of these defects still persists after 900 C where prismatic loops are expected to have disappeared. 13 However, in the present work, we use higher N fluence as compared to those in Refs. 6 and 13, and it is evident that more microstructural investigations are required for a better understanding of the anomalous defect annealing behavior in N implanted ZnO samples. Here, it should also be noted that the N fluences used in the present study are not high enough to cause formation of N gas bubbles, as expected for extremely high N concentrations. 29 In any case, the following defect interaction scenario and conclusions can be put forward for the co-implanted samples. First, prior to annealing, the co-N(15 K) samples display more disorder as compared to the co-N(RT) ones [see Fig. 4(a) ]. This is consistent with the previously reported results in Ref. 30 and is attributed to partial suppression of dynamic annealing at cryogenic temperatures together with limited migration of point defects from the N-implanted volume to the buried layer of extended defects. The latter is known to act as annihilation/trapping sites for point defects. 30 Second, in contrast to the co-N(RT) samples, the co-N(15 K) and the N-ref samples exhibit a similar trend of disorder over the entire annealing temperature range studied [see Fig. 4(a) ]; the two curves are parallel and only displaced by the additional amount of disorder arising from the 15 K N implant in combination with the pre-existing defects. Hence, by a comparison of the 800 C and 900 C data in Fig. 4(a) for the co-N(RT) and co-N(15 K) samples and the N-ref sample, it appears evident that the point defects "escaping" to the buried layer of extended defects in the former sample during implantation have a decisive impact on the reverse annealing process. These point defects are presumable Zn interstitials (Zn i ), being mobile already at RT. 31, 32 The disorder emerging at the Zn sublattice in the co-N(RT) sample during the reverse annealing stage displays low thermal stability relative to that in the two other samples, suggesting that a high local concentration of Zn i 's promotes the stability of the emerging defects. Accordingly, it can be speculated that formation of clusters involving N and Zn i 's is responsible for the observed reverse annealing, where a sufficiently large cluster size enhances their thermal stability.
This speculation is further supported by Fig. 5 showing concentration versus depth profiles of N and Ag in co-N(RT) and co-N(15 K) samples after annealing at 1100 C. Drastic drastic redistribution and diffusion of the Ag atoms are found, while the N atoms exhibit only a minor effect. The Ag profiles display three distinct peaks and a pronounced diffusion shoulder at the level of $2 Â 10 17 cm À3 for depths !1 lm in both the samples. This Ag behavior is consistent with previously published results 33 where the Ag migration into the crystal bulk was attributed to trap-limited diffusion and zinc vacancies as likely trapping sites. In its turn, the two anomalous peaks, located shallower and deeper than the central main one, were attributed to trapping of Ag atoms at open volume defects formed due to local ion-induced stoichiometry perturbations. 33, 34 That is, the near surface ($150 nm) and end-ofrange ($700 nm) peaks are presumably caused by Ag trapping at oxygen and zinc vacancies, respectively. A quantitative comparison of the Ag concentration profiles in the present co-N(RT) and co-N(15 K) samples with those in singly Ag implanted samples (Fig. 4 in Ref. 33 ) reveals a considerably enhanced outdiffusion in the co-implanted samples after 1100 C anneal. This holds especially for the co-N(RT) sample where the near-surface and central Ag peaks are substantially reduced relative to those in the co-N(15 K) sample. This indicates a high release of point defects (e.g., Zn interstitials) in the co-N(RT) sample mediating the Ag outdiffusion and it also complies with a less stable reverse annealing effect because of the lower thermal stability of the responsible Ndefect clusters.
IV. CONCLUSIONS
In summary, we have studied the defect evolution in ZnO samples singly implanted with Ag or N ions or co-implanted (Ag þ N) where the N implants were performed at RT or 15 K subsequent to channeled implants by the Ag ions. RBS/C analysis shows that irrespective of a buried pre-existing defect layer or not, all the N implanted samples exhibit strong reverse annealing with non-additive effects of damage enhancement in the co-implanted samples. Further, the processes of dynamic annealing and point defect migration during implantation play a central role for the N-induced defect evolution at post-implant annealing above 700 C. Especially, a deficit of point defects (presumably Zn i 's) in the N-doped volume, due to out-diffusion at RT and trapping/annihilation by the buried Ag-induced extended defects, give rise to a low thermal stability of the N-Zn associated defects emerging during the reverse annealing stage. 
